Recent progress in all-electrical nucleation, detection and manipulation of magnetic skyrmions has unlocked the tremendous potential of skyrmion-based spintronic devices. Here, we show via micromagnetic simulations that the stable magnetic oscillations of STNO radiate spin waves (SWs) that can be scattered in the presence of skyrmions in the near vicinity. Interference between SWs emitted by the STNO and SWs scattered by the skyrmion gives rise to interesting dynamics that leads to amplification or attenuation of STNO's magnetic oscillations. In the presence of strong DMI, the amplified magnetic oscillations evolve into a new skyrmion. These interactions between skyrmions and STNOs are found to be identical for both Neel-type and Bloch-type skyrmions, and are not observed between domain walls and STNOs. These findings offer a novel perspective in processing information using single skyrmions and we propose a 3-bit majority gate for logic applications.
Introduction
Skyrmions are topologically protected spin textures originating from the competing interactions such as the exchange and Dzyaloshinskii-Moriya interactions (DMI) [1, 2, 3, 4] . They are highly stable and can avoid getting pinned to structural defects or impurities due to their topological stability [5, 6] . Furthermore, depending on the material properties and the strength of DMI, skyrmions can be as small as 5 nm [5] enabling ultra-dense information storage and processing devices. Recent studies also highlight the possibilities of efficient nucleation, annihilation and current-driven motion of skyrmions using current densities as low as 100 A-cm −2 [6, 7, 8] . Subsequently, skyrmions are envisaged as promising candidates for novel memory [9, 10] , logic [11, 12, 13] , oscillators [14, 15] , and artificial neuron [16, 17] devices.
In addition, it is observed that skyrmions interact with the spin waves (SWs) in different modes: breathing modes [18] , azimuthal modes [19, 20] , and gyrotropic modes [20, 21] . As compared to [18, 19, 20, 21 ], here we demonstrate a different mechanism to achieve electrical manipulation or interaction with skyrmions using SWs. Our proposed mechanism is based on our observation in micromagnetics that spin waves get elastically scattered by a skyrmion, which then appears to be a source of radiating SWs. The effect may be understood by considering skyrmions as rigid particles due to topological protection, and they forbid topologically trivial SWs to pass through them [22, 23] . Earlier work has shown that this scattering mechanism is observed for planar SWs [22] . In this work, we utilize a spin-torque nano-oscillator (STNO) [24, 25] as a SW source, and show in micromagnetics that the dynamics of the STNO can be altered due to the scattering of SWs by skyrmions. Furthermore, if the DMI is sufficiently strong in the magnetic system, the SW-mediated interaction between the STNO and a skyrmion can lead to the nucleation of another skyrmion. Therefore, our results presented here offer a novel perspective in electrical manipulation and interaction with skyrmions, and we demonstrate how these interactions between STNOs and skyrmions can be leveraged to implement a majority logic gate.
The rest of the paper is organized as follows. The simulation methodology used in this study is described in Section. 2. The SW mediated interactions between STNOs and skyrmions are introduced and discussed in Section. 3. In
Section. 4, we demonstrate the implementation of a skyrmion and STNO-based 3-bit majority logic gate. Finally, Section. 5 concludes this paper.
Simulation Methodology
The open-source MuMax3 micromagnetic tool [26] is used to study the interactions between STNOs and skyrmions. The orientation of the free layer magnetization, M , is modelled as the unit vector m. The time evolution of m is given by the Landau-Lifshitz-Gilbert-Slonczewski [27, 28] equation written as
where γ LL = 1.76085×10 11 rad/s·T is the gyromagnetic ratio, α is the damping parameter, B eff is the total effective magnetic field of the free layer, J z is the current density along the z -axis, e is the electron charge, M S is the saturation magnetization, t FL is the free layer thickness, m p is the pin layer magnetization, P is the spin polarization, Λ is the Slonczewski parameter that characterizes the spacer layer, and is the secondary spin-torque parameter.
The first term on the right-hand side of (1), models the dynamics of m induced by the B eff , which consists of magnetostatic field, Heisenberg exchange field, Dzyaloshinskii-Moriya (DM) exchange field, magneto-crystalline anisotropy field, and the externally applied magnetic field. The competition between noncollinear DM exchange field and the other field components of B eff leads to the formation of skyrmions in the free layer magnetization. The remaining two terms on the right-hand side of (1), models the dynamics of m due to the current-induced spin-transfer torque (STT) [29] .
In all the simulations performed in this work, the simulation volume is dis- 
Results & Discussion
The device structure ( Fig. 1 (a-b) ) used in our simulation study consists of a 1 µm diameter circular multi-layer ferromagnetic system with two distinct circular regions: the skyrmion region and the nano-contact STNO region. Both the circular regions have a diameter of 40 nm and are each connected to a current sources denoted as I 1 and I 2 , respectively. The distance between the centers of the two circular regions is denoted as d . The dimensions of the ferromagnetic system were chosen to minimize the influence of edge effects on the simulation results. In the proposed device, we first inject the current I 1 with current density of 7.25×10 11 A/m 2 and pulse width (τ 1 ) of 5 ns into the skyrmion region (i.e. green colored circular region in Fig. 1 (a) ). I 1 exerts the STT on the local magnetization and if the torque is sufficiently large, the local magnetization is switched from one state to the other and finally stabilizes into a skyrmion [7, 30] due to the DMI interactions. Next, I 1 is reduced to zero and the overall magnetization is allowed to relax for 2 ns. After relaxation, the current I 2 with current density of 5.4605×10 11 A/m 2 and pulse width (τ 2 ) of 5 ns is injected into the STNO region (red colored circular region in Fig. 1 (a) ).
I 2 exerts the STT on the local magnetization and balances out the damping-like torque generated by the B eff . As a result, the local magnetization, m oscillates continuously as shown by the in-plane component of m plotted in Fig. 1 (c) [24, 25] . The frequency of these oscillations is estimated to be 36.5 GHz ( Fig. 1 (d)). These continuous magnetic oscillations radiate SWs into the sample ( Fig. 1 (e)). The wavelength (λ) of the SWs is estimated to be 100 nm.
Let us now investigate the interactions between skyrmions and STNOs.
First, in the absence of skyrmion, the local magnetization in the STNO region continuously oscillates and radiates SWs into the sample ( Fig. 2 (a-e) ).
Interestingly in the presence of a skyrmion at d = 100 nm, the magnitude of magnetic oscillations are amplified ( interfacial nature of DMI interactions in Co/Pt bilayer systems [31] . The same type of interaction between SWs and the skyrmion is also observed in case of Bloch-type skyrmions. Bloch-type skyrmions commonly exist in non centrosymmetric or cubic magnets with bulk-DMI interactions [31] . The dynamics of STNOs under the influence of Neel-type skyrmion and Bloch-type skyrmion are shown in Fig. 3 (a-e) and (f-j), respectively. The amplification in STNO's magnetic oscillations is observed in both the cases and therefore, we may conclude that this interaction between skyrmions and STNOs is identical for both
Neel-type and Bloch-type skyrmions.
Moreover, this effect is observed only in the presence of skyrmions but not in the presence of domain walls [32] . As shown in Fig. 3 Skyrmions behave as rigid particles and do not allow SWs emitted to pass through their magnetic texture. Therefore, SWs emitted gets scatterred back by the skyrmion [22, 23] . For example, the magnitude of SWs scattered when the skyrmion is located at d = 100 nm is shown in Fig. 4 
(c). The SWs emitted
getting scattered from all around the skyrmion appearing as if the skyrmion is reradiating the SWs. However, the magnitude of SWs scattered is strong in particular directions (Fig. 4 (c) ) as SWs experience the Magnus force resulting from the topological magnetic texture of skyrmions [22, 23] . Despite the differences in magnitude, the SWs scattered has same wavelength as compared to 
SWs total = SWs emitted + SWs scattered (6) where, A and B are constants that govern the wave amplitudes, k = 2π/λ is the wave vector, ω is the angular frequency, k f and Φ f are the fitting parameters used to reproduce the micromagnetics results, Φ is the phase difference, and R is the respectively. This is due to the DMI interactions that transform significant distortions in the ferromagnet's magnetization into skyrmions [33, 34] . Note that with increase in DMI constant, the skyrmion's size increases [35] . Therefore, SW mediated interactions between STNOs and skyrmions can be used to manipulate the presence or absence of skyrmions, opening up a new perspective in information processing using skyrmions. As an example, we next demonstrate a 3-bit STNO-based majority gate for logic applications.
Skyrmion and STNO-based 3-bit Majority gate
The device structure assumed here consists of a 500 nm length square shaped ferromagnetic system having four distinct circular regions with 40 nm diameters:
three input bit regions and one output bit region (See Fig. 6 ). The absence or presence of skyrmion in the input bit regions represents bit 0 or 1, respectively.
To perform 3-bit majority computation on the three input bits, a STNO is placed in the output bit region. The distance between the centers of output bit region and each input bit region is described as d . As discussed in Section. For this device, we assumed d to be 150 nm, i.e. n = 2, where λ is 100 nm. First, the input bits are written into the specified regions using the charge currents with current density of 7.25×10 11 A/m 2 and pulse width (τ 1 ) of 5 ns.
Next, we induce continuous magnetic oscillations in the STNO region using charge current with current density of 5.4725×10 11 A/m 2 and pulse width (τ 2 ) of 4.5 ns. If all the three input bits are in state 0, the STNO steadily oscillates and no skyrmion forms in the STNO region, i.e. output 0 (See Fig. 6 (a-d) ). If one of the three input bits is in state 1, the STNO oscillations get amplified and a new skyrmion should form in the STNO region. However, the time required to form a new skyrmion in this case is 6 ns and it is longer than τ 2 i.e. 4.5
ns. Therefore, no skyrmion forms in the STNO region (See Fig. 6 (e-h) ), i.e output 0. If any two of the input bits are 1, the STNO's magnetic oscillations are further amplified and the amount of amplification is doubled due to the presence of two skyrmions. Consequently, a new skyrmion nucleates with in the pulse width of 4.5 ns, i.e. output 1 (See Fig. 6 (i-l) ). Similarly, if all three input bits are 1, the STNO's oscillations get strongly amplified and a new skyrmion nucleates in the output region with in the pulse width of 3 ns, i.e. output 1 (See Fig. 6 (m-p) ). The presence of output skyrmion in the STNO region can be electrically read using the non-collinear magnetoresistance (NCMR) effect [36, 37, 38] . In addition, by fixing the input bit A to 0, a 2-bit AND gate can be realized and by fixing the input bit A to 1, a 2-bit OR gate can be realized (See Table. 2).
Finally, a 5-bit and 7-bit majority gates can be designed by placing the input bits at a radial distance of λ+ nλ/4 from the center of output region. In 5-bit majority gate where 5 input bits are placed at a radius of 150 nm from the center of output bit region, τ 2 must be less than the time required to generate the output skyrmion when 2 of 5 input bits are state 1, i.e. 4.5 ns. Similarly, τ 2 in case of 7-bit majority gate must be less than the time required to generate the output skyrmion when 3 of 7 input bits are in state 1, i.e. 3 ns.
Conclusion
In conclusion, we showed that skyrmions strongly interfere with the dynam- Table. 2 are not shown here. The inset in (d) the color map used for plotting mx.
